Abstract Low-voltage-activated Ca V 3 Ca 2+ channels have an activation threshold around −60 mV, which is lower than the activation threshold of other voltage-dependent calcium channels (VDCCs). The kinetics of their activation at membrane voltages just above the activation threshold is much slower than the activation kinetics of other VDCCs. It was demonstrated recently that the intracellular loop connecting repeats I and II of all three Ca V 3 channels contains a so-called gating brake. Disruption of this brake yields channels that activate at even more hyperpolarized potentials with significantly accelerated kinetics. We have compared gating of a wild-type Ca V 3.3 channel and a mutated ID12 channel, in which the putative gating brake at the proximal part of the I-II loop was removed. Voltage dependence of the gating current activation was shifted by 34.6 mV towards more hyperpolarized potentials in ID12 channel. ON-charge movement was significantly faster in the ID12 channel, while the kinetics of the off-charge was not altered by the mutation. We conclude that the putative gating brake in I-II loop hinders not only the opening of the conducting pore but also the activating movement of voltage-sensing S4 segments, stabilizing the channel in its closed state.
Introduction
Voltage-gated calcium channels (Ca V ) enable entry of calcium ions into cells upon membrane depolarization. Entering Ca 2+ serves a double function as both a mediator of depolarizing ionic current and as a second messenger triggering intracellular processes such as contraction, secretion, neurotransmission, and gene transcription [4, 10, 11] . Ca V channels are composed of four homologous domains, each containing six transmembrane segments S1-S6 and a pore loop (P) between segments S5 and S6. As in the case of voltage-gated potassium channels, four voltagesensing domains, each composed of the transmembrane segments S1-S4, are placed peripherally to a central pore domain formed by four sets of S5-P-S6 [36] . It is accepted that activation of a voltage sensor precedes opening of the channel pore [37, 38] . Movement of the voltage sensor during activation is reflected in a gating current, while the pore opening is manifested by macroscopic ionic current.
T-type or low-voltage-activated (LVA) calcium channels are distinguished by their low voltage threshold for activation, which is about −60 mV. Such negative activation voltage enables them to participate in an initial phase of cell depolarization and plays an important role in neuronal firing [14, 27] and neurotransmitter release [12, 28, 33] or in initiation of epileptic seizure activity [9, 19, 20] . Further, T-type calcium channels differ from high-voltage-activated channels by the course of the voltage dependence and kinetics of their activation and inactivation. Time constants of both activation and inactivation decrease sharply within an interval of about 30 mV above voltage threshold for channel activation and remain virtually voltage-independent at positive membrane potentials [7, 8, 29, 31] . Among the LVA calcium channels, notable differences exist between Ca V 3.1-Ca V 3.2 channels and Ca V 3.3 channels. Kinetics of the Ca V 3.3 channel gating is about one order of magnitude slower [21, 23] .
Structural determinants underlying the low voltage activation of T-type calcium channels are the subject of much study. Studies of mutant channels reveal contribution of individual channel regions. A domain-swapping approach demonstrated that domains I, III, and IV, but not domain II, determine the midpoint for voltage-dependent activation [13, 25] . Investigation of the functional impact of mutations leading to childhood absence epilepsy resulted in discovery of a principal role for the proximal I-II loop of the Ca V 3.2 channel in determining not only threshold and kinetics of channel activation but also channel trafficking into the cell membrane [2, 9] . It was suggested that mutations in this region destabilize the closed state of the Ca V 3.2 channel. Such interpretation is supported by the recent discovery of the highly conserved gating brake in the I-II loop of the Ca V 3 channel [3, 5, 39] , which prevents Ca V 3 channels from opening at membrane voltages close to the resting potential in cells like neurons or cells of sinoatrial node.
Valuable information about the voltage-dependent mechanism of channel activation can be obtained by studying gating current or so-called charge movement. Little is known about gating current originating from Ca V 3 channels. Voltage dependence of the gating current of the Ca V 3.1 channel was measured using La 3+ as an ionic current blocker [22, 38] . Baumgart and collaborators measured gating currents from Ca V 3.1 and Ca V 3.3 channels at the ion current reversal potential without using ionic current blocker [5] . Here, we investigated the role of the putative gating brake of the I-II loop of the Ca V 3.3 channel in the activation of the S4 segment. We compared gating currents measured from the Ca V 3.3 channel and from the ID12 channel (according to naming scheme of [5] ) with the gating brake removed. Without the gating brake, we find that the voltage dependence of ON-gating charge is shifted towards more negative membrane potentials, and ON-charge movement is faster. We hypothesize that the putative gating brake interacts with the charged S4 segment and hinders its movement to stabilize the channel in its closed state.
Materials and methods
Mutagenesis and transfections Construction of the ID12 mutant of Ca V 3.3 was described in detail [5] . Briefly, amino acids 414-457 in the proximal portion of the I-II loop of the Ca V 3.3 channel (Genbank accession number AAM67414) were deleted using the QuikChange protocol (Stratagene, La Jolla, CA).
HEK 293 cells (DSMZ, Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, German Collection of Microorganisms and Cell Cultures) were grown in MEM with Earle's salts containing 10% fetal calf serum and 100 U/ml penicillin-streptomycin in an atmosphere of 5% CO 2 and 95% air at 37°C. The cells were transiently transfected with wild-type Ca V 3.3 channel or deletion mutant ID12 using LipofectAMINE 2000 (Invitrogen, Carlsbad, CA). Transfected cells were incubated 2 to 3 days prior to electrophysiological measurements.
Electrophysiology and data analysis The whole cell Ca The holding potential in all experiments was −100 mV. Gating currents were measured by 50-ms-long depolarizing pulses to membrane potentials between −90 mV and +60 mV. Three identical traces activated by the same depolarization were averaged for each presented trace. The linear component of leak current and capacitive transients was subtracted using the P/8 procedure. Total charge transferred during each pulse was evaluated by integrating the area below gating current trace at the beginning (Q on ) and after the end of each depolarizing pulse (Q off ).
Voltage dependencies of gating current activation were fitted by Boltzmann equation:
where Q(V) are values of gating charge evaluated at the test potential V, Q max represents maximal gating charge for respective cell, V 0.5 is the half-maximal voltage, and dV is the slope factor. Data are presented as mean ± SEM. Statistical significance of differences was determined by unpaired Student's t test and considered significant when p<0.05.
Drugs and reagents All drugs and chemicals were obtained from Sigma-Aldrich, St. Louis, MO, USA except when noted otherwise.
Results
Ionic calcium current must be blocked to isolate and measure the gating current that reflects the movement of the putative voltage sensor in S4 segments across a range of voltage potentials. Thirty micromolars of Er 3+ was sufficient to block calcium ionic current completely (Fig. 1a, b) . The amplitude of fast, upward-directed current transient at the beginning of the depolarizing pulse was not affected, suggesting that Er 3+ does not block gating current (insets to Fig. 1a, b) . Further, the kinetics of inward calcium current measured during depolarization to −30 mV was not altered when current amplitude was inhibited by 10 nM of Er 3+ (concentration that inhibited more than 50% of the current amplitude), suggesting that Er 3+ does not interfere with channel gating (Fig. 1c) . When ionic current was fully blocked, fast ON-gating currents, with relatively high amplitude, and slow OFF-gating current, with a relatively small amplitude, were observed (Fig. 1a, b) . The total charge transferred during the outward movement of the S4 segments corresponding to channel activation (Q on ) and return movement (Q off ) upon membrane repolarization was evaluated as an integral of the area below each current trace. Voltage dependencies of Q on and Q off for both Ca V 3.3 and ID12 channels are demonstrated in Fig. 1d , e. Voltage dependencies of Q on and Q off for individual cells were fitted by a single Boltzmann function. Averaged parameters of Boltzmann fits are summarized in Table 1 . The removal of the putative gating brake caused a significant hyperpolarizing shift in the voltage dependencies of both Q on and Q off by −34.6 mV and −30.5 mV, respectively. Deletion of the gating brake did not significantly alter the slope factors of Q-V relations. To facilitate comparison, Boltzmann fits of individual voltage dependencies normalized to the unity are shown in the insets of Fig. 1d , e.
ON-charge movement in the ID12 construct was apparently faster than ON-charge movement in the Ca V 3.3 channel (Fig. 1a, b) . In Fig. 2a , individual ON-gating current traces measured from the Ca V 3.3 channel and the ID12 construct are compared at increasingly depolarizing pulses. To facilitate comparison, both traces were normalized in respect to their maximal values. In the ID12 construct, gating current starts almost immediately and decays rapidly. The gating current of the Ca V 3.3 channel rises and decays relatively slowly. The descending part of the gating current traces at depolarizations above −40 mV can be fitted by a single exponential. At lower depolarization amplitudes, the fitting procedure was not reliable due to low amplitude of the Ca V 3.3 gating current. As shown in Fig. 2c , the time constant of the ON-charge movement decay was significantly smaller when the putative gating brake was removed. Acceleration of ON-gating is apparent also in the time course of gating current integral representing cumulative charge transfer (Fig. 2b) . To quantify this phenomenon, we evaluated the maximal slope of integral time course corresponding to a maximum of its first derivative. As shown in Fig. 2d , cumulative charge transfer was accelerated upon removal of gating brake at voltages equal or bigger than −40 mV.
OFF-charge movement (Fig. 3a) was largely unaffected. The peak of individual OFF-charge current traces (Fig. 3a) was delayed in the Ca V 3.3 channel, but the delay was smaller than in the case of the ON-charge. Time constants of the descending part of the OFF-charge current traces were not different (Fig. 3c) . Maximal slope of gating current integral was significantly altered upon gating brake removal at membrane potentials of −40 mV (p=0.005) and −30 mV (p=0.045; Fig. 3b, d) .
Ratio I max /Q max was altered by gating brake removal, too. In agreement with previous report of Baumgart and coauthors [5] , the ratio of peak current amplitude and maximal ON-charge movement I (−30) /Q onmax were 1.7±0.4 and 3.5±0.3 for the Ca V 3.3 and ID12 channels, respectively. This increase was statistically significant (p<0.01).
Discussion
This study investigated the role of the putative gating brake in the I-II loop of the Ca V 3.3 channel in channel gating currents. The effects on the activation of macroscopic ionic current were described previously [5] . Here, we report faster kinetics and a hyperpolarizing shift of the "on" charge movement and a hyperpolarizing shift of the "off" charge movement caused by deletion of the gating brake.
The ON-charge reflects the upward movement of charged S4 segments, which precedes the conformational change of the channel pore corresponding to the activation of ionic current. It has been commonly observed that the threshold for gating current activation is more than 20 mV more negative than the threshold for activation of ionic current [16-18, 30, 35] in high-voltage-activated (HVA) calcium channels. Further, in HVA calcium channels, the whole curve depicting voltage dependence of channel gating is shifted to more negative membrane potentials than the curve depicting voltage dependence of current activation. In contrast, gating current and ionic current from the Ca V 3.3 channel were first observed at similar membrane voltages.
The voltage dependence of Q on activation was 1.5-fold less steep than the voltage dependence of activation of macroscopic ionic current in the Ca V 3.3 channel. Deletion of the gating brake in the ID12 channel had little or no effect on the apparent voltage sensitivity of gating charge movement (dV 14.0 vs. 17.4 mV for ID12 and Ca V 3.3 channels, respectively, p=0.09). The shift in the voltage dependence of gating current towards more negative Results of Boltzmann fits to voltage dependencies of activation of inward current and gating current for the Ca V 3.3 channel and the ID12 channel. V 0.5 and dV are parameters of Boltzmann fits of Q on (Fig. 1d ) and Q off (Fig. 1e) . All values are mean ± SEM. The number of tested cells is in brackets *p<0.001, significant difference between Ca V 3.3 and ID12 [5] . At several depolarizations with an amplitude between −30 mV and 0 mV, Q off was higher than Q on . This difference could arise from contamination by tail current due to relief of channel block by Er 3+ . Relief of block of low-voltage-activated channels by Y 3+ [32] or highvoltage-activated channels by La 3+ [6] during strong depolarization was reported. Nevertheless, we observed enhanced Q off at intermediate voltages only; therefore, this mechanism is unlikely. Alternatively, we can hypothesize that part of S4 segments is activated even at resting membrane potential of −100 mV and increased Q off reflects return of these segments into a resting state or that an additional gating current may reflect conformational transitions of channel protein parts other than S4 segments. Removal of the gating brake caused acceleration of the ionic current consistently observed in all three Ca V 3 The descending parts of gating current traces activated by depolarizing pulses to membrane voltages greater or equal to −50 mV were fit by a single exponential. The time constants from these fits were averaged and plotted versus membrane depolarization. d Maximal slope of charge transfer was evaluated as a maximum of first derivative of traces shown in panel b, averaged and plotted versus membrane depolarization channels [3, 5, 39] . This effect was particularly prominent in the Ca V 3.3 channel [5] . The concurrent hyperpolarizing shift of voltage dependence of channel activation was less prominent in the Ca V 3.3 channel than in the Ca V 3.1 and Ca V 3.2 channels [5] . The faster kinetics of current activation paralleled the acceleration of ON-charge movement, suggesting that the gating brake region affects voltage sensor of the channel possibly by interaction with the S4-S5 loop.
The kinetics of the OFF-charge decay was not significantly affected. Maximal rate of cumulative charge transfer was markedly accelerated at depolarization to −40 mV, and this acceleration was still significant at −30 mV. These voltages correspond to maximal differences in Q off between Ca V 3.3 and ID12 channels. Altogether, kinetics of Q off was affected by the gating brake removal to a lesser extent than the kinetics of Q on . This observation matches the lack of effect on deactivation kinetics of ionic current, but is in contrast to the reported acceleration of current inactivation in mutated channels [5] . The lack of correlation with inactivation kinetics is in agreement with our previous observation that prolonged depolarization does not immobilize Q off in T-type calcium channels [22] .
Baumgart and coauthors [5] demonstrated that the ratio of I (max) /Q (rev) , which is proportional to the opening probability of the channels [1, 5] , doubled upon removal of the gating brake. Q (rev) represents charge movement measured at the reversal potential of each investigated channel. However, because of the substantial voltage shift of Q on , voltage dependence upon gating brake deletion Q (rev) may not represent the maximal charge movement Q (max) . Therefore, we repeated this analysis using maximal values of macroscopic ionic current I (−30) and maximal charge movement Q (max) . Consistent with previous findings [5] , the I (−30) /Q (max) value more than doubled, indicating an increase in the probability of channel opening per gating charge displaced.
Two models conjecturing how the gating brake may interact with the channel and thereby stabilize closed states have been proposed [34] . These models are based on the crystal structure of a tetramer of K v 1.2-K v 2.1 chimeric channels [26] . Two notable features of the crystal structure are: (1) that the S5-P loop-S6 segments from one subunit are interdigitated with a second subunit; and (2) that the S6 segments project from the central pore back to the S1-S4 gating paddle of the same subunit. Based on the relatively high homology of a K v channel subunit to each of the four repeats of Ca v channels [15] , it is likely that Ca v and Na v channels have a similar structure. Combining this hypothesis with a clockwise orientation of the repeats [24] suggests that the gating brake could physically interact with both the gating machinery of repeat I and II and allosterically with the other two repeats. This could explain why deletion of the gating brake shifted the entire Q(V) curve rather than just affecting the movement of one of the four repeats.
In conclusion, we have shown that the gating brake controls not only pore opening but also the movement of S4 segments. Because its removal had a major effect on the charge movement and coupling between charge movement and channel opening, we hypothesize that the gating brake acts to stabilize S4 voltage sensors in the closed state, possibly by interacting directly with S4-S5 linkers that mediate opening of the cytoplasmic pore gate.
